a b s t r a c t
The use of nanoscale Ag in textiles is one the most often mentioned uses of nano-Ag. It has previously been shown that significant amounts of the Ag in the textiles are released upon washing. However, the form of Ag present in the textiles remains largely unknown as product labelling is insufficient. The aim of this study was therefore to investigate the solid phase speciation of Ag in original and washed silver textiles using XANES. The original Ag speciation in the textiles was found to vary greatly between different materials with Ag(0), AgCl, Ag 2 S, Ag-phosphate, ionic Ag and other species identified. Furthermore, within the same textile a number of different species were found to coexist. This is likely due to a combination of factors such as the synthesis processes at industrial scale and the possible reaction of Ag with atmospheric gases. Washing with two different detergents resulted in marked changes in Ag-speciation. For some textiles the two detergents induced similar transformation, in other textiles they resulted in very different Ag species. This study demonstrates that in functional Ag textiles a variety of different Ag species coexist before and after washing. These results have important implications for the risk assessment of Ag textiles because they show that the metallic Ag is only one of the many silver species that need to be considered.
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Introduction
The functionalization of textiles such as cotton, wool and synthetic materials with Ag in order to impart antimicrobial properties to commercial products is an area of intense research and commercial growth (Radetic, 2013) . In particular, the use of Ag nanoparticles (Ag-NPs) has been advocated for several reasons including the possibility to avoid discoloration, which occurs when ionic Ag is used (Vigneshwaran et al., 2007) , negligible impact on fabric breathability and handling (Wong et al., 2006) and an overall smaller environmental impact (Windler et al., 2013) . Due to the increased production of Ag functionalized textiles, these materials are one of the major sources of Ag-NPs release to the environment (Mueller and Nowack, 2008; Gottschalk et al., 2009; Arvidsson et al., 2011) .
Only a few studies so far have investigated the speciation and release of Ag from Ag-functionalized commercial products. The amount of Ag released, as well as the percentage of total Ag, varies considerably between different functional textiles. For instance, Benn and Westerhoff (2008) reported releases varying between <1% to almost 100% from six commercially available sock fabrics. Similarly, Geranio et al. (2009) and Lorenz et al. (2012) found that Ag released from Ag-functionalised textiles ranged from undetectable to about 45%. The variability in the results within each study is likely due to both the nature of the textile itself and the form of Ag present in the materials. In fact, Geranio et al. (2009) pointed out that mechanical stress is an important factor as about 10% of the textile weight can be lost during the lifetime of a product due to washing (Koehler et al., 2008) and it is reasonable to think that this loss may differ between textiles. Furthermore, it is also reasonable to assume that the speciation of Ag present in the textiles represents a critical parameter controlling Ag release. In the last decade the scientific literature and the number of patents covering methodologies for functionalizing textile materials using Ag, and AgNPs in particular, has increased dramatically (Radetic, 2013) . For instance, Ag-NPs can be introduced by dipping the materials in suspensions of Ag-NPs, or they can be synthesized in situ by immersing the textiles in solutions of Ag salts and adding a reducing agent (Emam et al., 2013) and references therein). Another standard approach is to incorporate the Ag-NPs into the fibre matrix, therefore reducing release to a great extent (Geranio et al., 2009) . These different methodologies most likely result in a number of different Ag species potentially being present in textiles. However, the literature investigating Ag speciation in textiles mainly focuses on laboratory materials and the information on commercial textiles is extremely scant. Impellitteri et al. (2009) used X-ray Absorption Near Edge Structure (XANES) spectroscopy to investigate the speciation of Ag in one antimicrobial sock textile before and after washing and found that Ag was present in a metallic form prior to washing but only accounted for 50% of the remaining Ag after washing with an hypochlorite/detergent solution due to partial conversion to AgCl. Based on results from washing studies, other authors have suggested that both ionic Ag and Ag 2 S-NPs may also be present in commercial textiles (Geranio et al., 2009; Lorenz et al., 2012) .
Reliable information regarding Ag speciation and release during washing is essential knowledge required to decrease the uncertainties related to environmental exposure assessment of nanomaterials. Models that are being developed to predict environmental concentrations of NPs (Gottschalk et al., 2010 (Gottschalk et al., , 2013 ) rely on information regarding input parameters as well as release rates, which are controlled by various factors including speciation. In this study, we aimed to significantly expand the knowledge base regarding Ag speciation in commercial textiles by undertaking XANES analysis of 5 commercial textile products. Clearly this knowledge is also relevant in the context of consumer information as manufacturers often provide limited information on their labels and these may not necessarily be correct. Furthermore, the release of Ag from textiles during two different washing procedures was investigated. Finally, the speciation of the washed textiles was also investigated as this provides information regarding the potential for further release from successive washings.
Materials and methods

Materials
Five commercially available and Ag-functionalized textile samples, which had previously been investigated for Ag release by Lorenz et al. (2012) were selected for this study (Table 1) . While the Lorenz et al. (2012) study focused on the forms of Ag released during washing, this work focuses on the influence of different washing procedures on Ag release and on the speciation of Ag in the fabric pre-and post-washing. In order to facilitate comparison between these two studies, we have maintained the same sample numbering as that used by Lorenz et al. (2012) . The total Ag concentration in the textiles ranged from 18 to 2925 mg kg À1 and the materials were comprised of varying proportions of natural fibres, with the exception of two textiles which were completely synthetic. As noted in Table 1 , the information provided on the product labels was often generic and Ag-NPs were only mentioned for product 6.
Washing procedure
Two textile washing procedures were utilised in this study. The first one, referred to here as LW (laboratory washing) was described in detail in Lorenz et al. (2012) and was based on the 'ISO 105-IS: 1994 (procedure A1S) for colour fastness to domestic and commercial laundering' (ISO, 1994) using the ECE-2 Colour fastness test detergent. In the second procedure, referred to as MW (machine washing), fabric pieces of 1.5-2.5 g were added to a regular washing cycle to simulate a washing event carried out in an average household by consumers. A 60 min program at 40°C and 1200 rpm tumbling was applied (washing machine model: V-Zug AG, Unimatic F, type WA-UF) with Persil Megaperls Table 1 Textile composition, Ag labelling information, total Ag and Ag released during the washing procedure. All data (except release during machine washing which was measured in this study) are taken from Lorenz et al. (2012 In order to assess the transformation of species of Ag that are frequently found as a result of washing procedures (Lorenz et al., 2012) , Ag-NPs, AgCl-NPs and a zeolite on which Ag was sorbed (as representative of ionic Ag) were subjected to washing procedures similar to those used for the textiles. The Ag-NPs were synthesised by reduction of 1 mM silver nitrate (AgNO 3 ) with 2 mM sodium borohydride (NaBH 4 ) in the presence of 200 mg L À1 polyvinylpyrrolidone (PVP). PVP coated AgCl-NPs were prepared according to the method by Kim et al. (2010) in ethylene glycol and were resuspended in water after centrifugation. The NPs were characterised by dynamic light scattering (DLS; NICOMP 380 ZLS, Particle Sizing Systems, FL, USA) and scanning electron microscopy (SEM; Quanta 450 FEG ESEM, FEI Company, OR, USA). The Ag-NPs were polydisperse with the smallest size number-weighted mode at 6.2 ± 0.9 nm, while AgCl-NPs were bimodal with the smaller mode at 79.6 ± 12.3 nm (>92%, number weighted). SEM images of the NPs are reported in Fig. S1 (Supplementary Material). These materials were dispersed in 10 ml of washing liquid at 3.3 mg L À1 (preheated to 40°C), containing 4 g L À1 of the washing powders described above. The concentration of 3.3 mg L À1 was derived from an assumed loading of Ag in textiles at 50 mg kg
À1
, which is within the range found and reported by Lorenz et al. (2012) The bottles were then placed on an end-over-end shaker for 30 min at 40°C. Subsequently, 9 mL of the solution was frozen immediately and freeze-dried, which also pre-concentrated the Ag, for XAS analysis.
Silver speciation in textiles pre-and post-washing
Silver speciation was assessed by XANES. This technique was chosen as it provides the following advantages: it provides information regarding the overall Ag speciation; it is not limited to the analysis of the textile surface (in contrast to X-ray Photoelectron Spectroscopy, XPS); it does not depend on species crystallinity (in contrast to X-ray Diffraction, XRD); it is not limited to the detection of particles/NPs enriched in Ag (in contrast to electron microscopy). However, it should also be pointed out that definite attribution of Ag to a particular species is not always possible due to the similarity in spectral features of some of the Ag species of interest [especially Ag(I) bound to groups other than thiols].
XANES analysis was performed on all the textile samples preand post-washing and a number of Ag standards. The latter include: the pre-and post-washing samples of Ag-NPs, AgCl-NPs and Ag sorbed on zeolite described above; Ag carbonate (Ag 2 CO 3 ), Ag nitrate (AgNO 3 ), Ag phosphate (Ag 3 PO 4 ), Ag oxide (Ag 2 O), Ag sulphate (Ag 2 SO 4 ), Ag sulphide nanoparticles (Ag 2 S-NPs synthesized by reaction of AgNO 3 with elemental sulfur in the presence of PVP) and Ag complexed by cysteine and histidine. These standards were diluted in cellulose to approximately 1000 mg Ag kg À1 prior to analysis. The textile samples were folded several times and mounted, using polyimide tape, on a sample holder for analysis.
Silver K-edge XANES of the textiles were collected at the Materials Research Collaborative Access Team (MRCAT) beamline 10-ID, Sector 10 located at the Advanced Photon Source (APS), Argonne National Laboratory (ANL), Argonne, IL. (Segre et al., 2000) . The electron storage ring was operating at 7 GeV in top-up mode. A liquid N 2 cooled double crystal Si(1 1 1) monochromator was used to select incident photon energies and a platinum-coated mirror was used for harmonic rejection. The monochromator was calibrated by assigning the first derivative inflection point of the absorption K-edge of Ag metal at 25 514 eV and a Ag metal foil spectrum was collected congruently with each sample scan. Powdered samples (not the textile samples) and standards were pressed into pellets and three XANES scans were collected for each sample in transmission and fluorescence mode using a 13 elements Ge detector. Pre-and post-washing samples of Ag-NPs, AgCl-NPs and Ag sorbed on zeolite were collected at the XAS beamline at the Australian synchrotron using a similar setup as described above and a 100 element Ge detector. The same standards were collected independently at the two beamlines. Principal component analysis (PCA) of the normalised sample spectra was used to estimate the likely number of species contained in the samples, whilst target transformation (TT) was used to identify relevant standards for linear combination fitting (LCF) of the sample spectra (ER, 1991) . PCA and TT were performed using SixPack (Webb, 2005) while data normalisation and LCF were performed using Athena (Ravel and Newville, 2005) . Fitting range was À30 to +100 eV relative to the Ag K-edge. For each sample, the combination of standards with the lowest residual parameter was chosen as the most likely set of components. It should be noted that any species included in the fitting solution representing values less than 10% of the total should be considered with caution as such low representation is at the very limit of the resolution capability of XANES (Manceau et al., 2002) .
Results
Silver speciation in the unwashed textiles
The Ag K-edge spectra of the standards used in the LCF of the textile sample spectra are reported in Fig. S2 . The spectrum of Ag-NPs is characterised by significant features with a white line position 15 eV above the absorption edge and two other prominent peaks approximately 36 and 71 eV above the absorption edge (corresponding to 25 529, 25 550 and 25 585 eV in absolute energy). These are well in line with the peak positions reported for reference Ag foils (EXAFS Materials, Danville, USA). The spectrum of AgCl-NPs is also readily distinguishable by the presence of a sharp white line and a second, less intense peak about 16 eV above the white line. A sharp white line, but not the second marked peak, is also evident in the spectra of Ag nitrate, sulphate and Ag sorbed on zeolite. These spectra are in fact similar to each other and this should be considered when interpreting the LCF results. Similarly, the spectra of Ag 2 S and Ag bound to cysteine are very similar and this should also be kept in mind when interpreting the LCF results.
By comparing the XANES spectra from the unwashed textiles (Figs. 1 and S3 ) with those from the standards reported in Fig. S2 , it is immediately evident that Ag is present in the textiles as a mixture of different species/forms. Linear combination fitting indicates that Ag in particulate (metallic) forms dominates the speciation in T4, T5 and T7 (Table 2 ). In fact, the spectra for T4 and T5 both show the 3 main peaks identified previously for Ag-NPs. However, these spectral features are less marked than in the case of the Ag-NPs standards as a result of the presence of additional Ag species and in particular Ag 2 S. In the case of T7, the presence of Ag-NPs is evidenced by the spectral feature which corresponds to the peak observed at 36 eV above the absorption edge (i.e. 2550 eV) for the Ag-NPs standard. Also, the peak observed in the AgCl-NPs standard at 16 eV above the white line (i.e. 25 534 eV) is visible in T7. The presence of AgCl-NPs in T7 and of Ag-NPs in T4 was reported by the manufacturers and it is confirmed here, as is the presence of Ag 2 S-NPs in T5 which was suggested by Lorenz et al. (2012) . In contrast, the two other textiles show Ag XANES spectra that have a much stronger ionic Ag signature. In both cases the presence of a dominant white line peak and the absence of other characteristic features are similar to Ag salts and this is in line with the results from the LCF fitting (Table 2) . The results from T6 are not in line with the manufacturer specification which indicates the presence of nanosize Ag particles in this product, but Ag phosphate is found to be dominant here.
Effect of washing on silver speciation of pure compounds
The two washing procedures had significantly different effects on the Ag-NPs and the Ag-zeolite (Fig. 2 and Table 3 ). In contrast, AgCl-NPs were very stable during washing. The MW procedure caused an almost complete conversion of Ag to AgCl whereas LW caused a partial sulfidation of both Ag-NPs and Ag-zeolite, in line with the suggestion by Lorenz et al. (2012) . Some of the Ag-zeolite also appeared to be converted to metallic Ag, as evidenced by the appearance of distinctive peaks at approximately 25 550 eV and 25 585 eV. Interestingly some trace evidence for Ag phosphate formation was found in the LW treatment but not in the MW treatment. The percentages of Ag phosphate reported are probably close to the resolution capability of XANES but are nevertheless reported as this finding is in line with the presence of phosphates in the LW detergent (while the MW detergent is P free). The formation of AgCl in the MW treatment cannot be explained on the sole basis of the Cl content in the washing solutions prepared using the two detergents, which is similar -8.7 mg L À1 in the phosphatecontaining detergent (Lorenz et al., 2012) and 9 mg L À1 in Persil used in the MW.
Effect of washing on silver speciation of textiles
The relative amounts of Ag released from the textiles during washing is given in Table 1 . The data for LW are taken from Lorenz et al. while the MW results are from this study. For T1 and T4 the amounts released are very similar while for T6 and T7 the MW resulted in much higher release. In particular, T7, which only contained 41 mg kg À1 of silver, released 80% through MW and this is reflected in the poor signal to noise in the XANES spectrum.
A first visual assessment of the XANES spectra reported in Fig. 1 indicates that while washing procedures caused considerable changes in Ag speciation in three textiles (T1, T5 and T6) the speciation in T4 and T7 remained fairly constant. Some general trends in changes in speciation caused by washing can be discerned. In the laboratory washed (LW) textiles T1, T4 and T5 the XANES spectra indicate a predominance of metallic Ag. This was present in considerable amount in the unwashed textile of T4 and T5 but not in T1 (Table 1) . As the Ag release for T1 was negligible (Table 1) , metallic Ag must have been formed in T1 as a consequence of the laboratory washing procedure. This is in line with the finding that spectral features for metallic Ag were found in the samples resulting from the washing of Ag-NPs and Ag-zeolite samples, which Table 2 . suggests that metallic Ag can be retained or formed during LW (Table 2 ). In T4 and T5 the increase in metallic Ag representation could be due to either removal of Ag species different from AgNPs or to their conversion to Ag(0). Another effect of the washing procedure was the formation of Ag oxide in some textiles. The machine washing (MW) procedure produced a different response, in terms of Ag speciation, in some of the textiles (Table 2 and Fig. 1 ). In particular, the Ag XANES spectra of T1, T5 and T6 for the two washings are significantly different. In all these cases, the AgCl spectral signature was much more evident in the machine washed textiles than in the laboratory washed materials (Fig. 1) . This is reflected in the results of the LCF (Table 2) and is in line with the results obtained in the washing of Ag-NPs and Ag-zeolite samples that showed an almost complete conversion to AgCl as a consequence of the MW procedure with a commercial detergent. In fact, AgCl represented a much larger proportion of the total Ag across the textiles after machine washing than in the unwashed materials or in the textiles washed under laboratory conditions. These changes in speciation seem to be the result of the transformation of metallic Ag, and Ag phosphate in T6, to AgCl (Table 2) . A notable exception is represented by sample T4 (MW). In this case Ag-NPs dominated the spectra after both washing procedures, with significant reduction in the Ag 2 S and AgCl content. Given that the Ag release from T4 is similar between LW and MW, it may be that these two are the major components of the released silver. Indeed, AgCl particles were previously found by Lorenz et al. (2012) , although Ag 2 S was only found in T5.
Discussion
The presence of multiple Ag species/forms in the textiles examined could be due to different causes. Comprehensive investigations of functionalised textiles in the scientific literature have shown that textiles can be functionalised with well-defined NPs under laboratory conditions (Zhang et al., 2012; Nguyen Khanh et al., 2013) . However, it is reasonable to assume that upscaling of functionalization methodologies to the industrial level may result in different outcomes from those achievable under well-controlled laboratory conditions. It should also be noted that even in the case of scientific publications, Ag speciation in textiles is generally investigated using XRD and SEM, and less often with the aid of XPS. In fact, in a review on the determination of engineered nanoparticles on textiles, XANES is not even mentioned (Rezic, 2011) . However, as argued above, XANES is possibly the most robust technique available in cases where the overall Ag speciation needs to be assessed. Another possible phase for transformations is during and after incorporation of Ag-NPs into or onto the textile. Some of the processes in the textile industry involve high temperature/extreme pH/high concentrations of other compounds and thus conditions are very different to those used in laboratory settings.
It is also possible that some of the species observed, particularly the Ag 2 S, may be the result of processes occurring post-production. Tarnishing of Ag in air is a well-known phenomenon caused by the reaction of Ag with hydrogen sulfide present in air. As this is a surface process it is reasonable to expect that the rate of tarnishing may be accelerated in the case of Ag-NPs as they have a large surface-to-volume ratio. In fact, Mcmahon et al. (2005) showed that the rate of Ag-NPs tarnishing (as nanodisks of 60 nm diameter) was 7.5 times higher than that of bulk Ag under the same conditions. It is therefore not surprising that methods to reduce AgNPs tarnishing have been investigated (Chang et al., 2012) . Considering the extremely low solubility of Ag 2 S, this aspect needs to be further investigated in view of the potential consequences in terms of antimicrobial activity of the functionalized textiles and the release profile of Ag from these materials to the environment (e.g. through wastewater). These processes may occur anywhere during storage, shipment or in homes.
When considering the change in Ag speciation of the textiles caused by washing it should be kept in mind that these changes can be the result of two separate processes: (a) the conversion of some Ag species to others and (b) the preferential release of some Ag species from the textiles. Therefore, the interpretation of the XANES results needs to take into account the Ag release values reported in Table 1 . These transformations find some explanation in the complex chemistry of Ag during washing. For instance, it seems that H 2 O 2 which is often present during washing can lead to the formation of Ag oxides through Fenton-like reactions involving Ag ions. (JA, 1962) At the same time, North and Bland (1920) Energy (eV) Fig. 2 . Normalised Ag K-edge XANES spectra of unwashed and washed Ag-NPs, AgCl-NPs and Ag-sorbed zeolite. Dotted red lines show the best 4-component linear combination fit of reference spectra as documented in Table 3 . of Ag that can be considered more soluble (nitrate, sulphate and Ag-zeolite) were drastically reduced. This is probably the result of combined Ag release during washing and conversion to more insoluble species. This cannot be simply explained on the basis of the initial Ag speciation in the textiles as the Ag XANES spectra for the unwashed T4 and T5 materials was similar but the effect of washing was much more marked for T5 (at least for machine washing) than for T4. These differences also cannot be explained on the basis of different preferential losses of some Ag species in these two textiles as the Ag release during washing was similar and, in both cases, limited. The two washing procedures tested in this study resulted in different changes in Ag speciation which were textile dependent. In general however, the washing procedures seemed to promote the formation of more stable Ag species. As the changes in Ag speciation were in some cases substantial, it is unlikely that the preferential release of more soluble or less well attached Ag species/forms could be entirely responsible for the changes observed. Rather, chemical reactions are also likely to play a significant role. We cannot explain the different Ag-species formed in some textiles in labwashing compared to home-washing. The chloride content of the detergent is similar (so we would expect to see similar amounts of AgCl formation). The main difference is that the lab-washing detergent is phosphate-containing while the home washing detergent is based on zeolites. Further controlled lab studies need to elucidate the role that different components of the washing liquid play in silver transformations.
The presence of more insoluble Ag species in laboratory washed textiles, in comparison to the original Ag speciation, could explain the results reported by Geranio et al. (2009) ; these authors washed nine Ag functionalised textiles two consecutive times (using the same washing procedure employed here) and observed a decrease in the Ag released during the second washing. These results are of interest in relation to the total release of Ag that can be expected as result of multiple washings. Furthermore, a change in Ag speciation as a consequence of washing is also likely to influence the antibacterial properties of the textiles over time. In fact, Lorenz et al. (2012) reported a reduction in the antimicrobial properties of T1 and T5 in their study but not in the other textiles tested here. However, these results indicate that bulk Ag speciation cannot be used to explain antimicrobial properties of textiles. This is not surprising as the antimicrobial properties are related to the release of Ag + , a species most likely representing a very small proportion of the total Ag in the textiles (and therefore below the XANES detection capabilities). The toxicity of Ag 2 S for example is much lower than that of Ag(0) (Reinsch et al., 2012) .
The observed differential reactivity of the Ag associated with the various textiles probably has different causes. It is likely that in addition to the differences in bulk speciation the size, surface functionality and/or passivation of the NPs surface also plays an important role. In addition, interactions between the textiles materials and the washing liquid could also provide an additional source of variability in the response of Ag to the washing procedures. For example, the two polyester based textiles (T4 and T5), whose initial Ag species are also comparable, behave similarly in LW (increase in metallic Ag, decrease in Ag 2 S) but are considerably different in MW. It is clear that these variables are interconnected and reveal an additional layer of complexity in assessing Ag release.
As the outcome of washing procedures influence the performance of the textiles as well as the profile of Ag released during subsequent washing cycles (which is of environmental importance), these processes need further attention. For instance, the influence of particle properties could be investigated by functionalising different textiles with a number of well characterised AgNPs. Such a study would also elucidate the role that textile materials play in Ag transformation. However, this study clearly demonstrate the importance to investigate real-world systems as our work has shown that the speciation of Ag in commercial textiles is far from simple and, for some textiles, there are significant differences in the release and final Ag-speciation between lab-washed and home-washed textiles.
